Purified rat intestinal mucin was used as a model mucin to study the binding of Escherichia coli serotype 0157:H7, a human pathogen associated with outbreaks of hemorrhagic colitis and hemolytic uremic syndrome. Of six 0157:H7 strains, only one strain (designated CL-49) bound to rat (and other) intestinal mucins by a specific and saturable process. Binding was observed only after the bacteria were serially passaged to promote the expression of type 1 pili (fimbriae). Several other type 1-piliated E. coli strains, however, did not bind to mucin. Binding of E. coli CL-49 was inhibited by D-mannose and short oligomannosyl derivatives, particularly Man-a-1,3-Man, Man-a-1,2-Man, and Man-a-1,3-Man-,-1,4-N-acetylglucosamine. Other inhibitors of binding included p-nitrophenol (10-4M), heating at 60°C (to remove pili), an antibody to type 1 pili, and purified type 1 pili of E. coli CL-49 used as hapten inhibitors. A comparison of the hydrophobicity of piliated E. coli CL-49 with other type 1-piliated E. coli strains indicated that the former strain was much more hydrophobic than the others. These findings indicate that highly purified intestinal mucins possess specific mannosyl receptor sites for bacterial type 1 pili on E. coli CL-49, but that strong hydrophobic interactions between the mucin and the pili stabilize the mannose-dependent binding process. We speculate that the mucin receptors for type 1 pili reside in oligosaccharides of the 118-kilodalton "link" glycopeptide, since this is the only mucin component known to contain mannose.
Mucus glycoproteins (mucins) of the intestine are made in goblet cells and are secreted into the lumen, where they spread out over the surface epithelium to form a thin viscoelastic blanket (38) . In previous studies we have shown that purified rat and human intestinal mucins consist of high-molecular-weight polymeric glycoproteins as well as a smaller putative "link" glycopeptide with an Mr of 118,000 (14, 15, 32, 43a) . The latter is released from mucin by disulfide reducing agents, and as a consequence, the mucin depolymerizes and decreases in viscosity and size. The link glycopeptide differs from the high-molecular-weight glycoproteins in that it contains less sugar and a different amino acid profile and has mannose as one of its six carbohydrate constituents (14, 32) .
It is widely assumed that one or more mucin components play a role in providing a protective barrier to invading pathogens (9) , in part because the mucus layer appears to serve as an ecological niche for both commensal and potentially pathogenic microorganisms (38) . The organisms are removed by fluid flow and peristalsis, thus preventing further access to the underlying mucosal cells. Theoretically, the diversity of mucin oligosaccharides should provide multiple receptors for bacterial lectins and, thus, mimic or compete with epithelial membrane receptor sites (38) . Although mucin binding of bacteria may be protective for the host (4) in some instances, there is little experimental evidence to support this role. Indeed, in many cases adherence to mucin occurs with pathogens (5, 6, 28, 33, 35, 56) , and this may even facilitate colonization and access of the bacteria (or their toxic products) to underlying enterocytes.
Relatively few studies of intestinal bacterial binding to mucins have been undertaken, particularly studies in which * Corresponding author.
highly purified mucins have been used as the ligand and specific adhesion has been proven. A few reports, however, have documented the adherence of selected intestinal pathogens to crude or partly purified preparations of mucin (6, 28, 33, 35, 55) .
Most bacterial binding studies have been carried out with mucosal cells as the ligand, and a good deal of information concerning the adherence mechanisms and cellular receptors is available. In the case of enterotoxigenic Escherichia coli, binding to host cell surfaces and the consequent enhancement of virulence is mediated by bacterial pili (1, 9, 12, 17, 28, 29, 33, 35, 36, 40, 44, 46, 47, 52) . Mannose-sensitive type 1-piliated E. coli have been particularly well studied and have been shown to bind to epithelial membrane glycoproteins that bear short oligomannosyl residues in N-glycosidically linked oligosaccharide chains (9, 11, 39, 41) . Despite the importance of type 1 pili in mediating mucosal infections, there are no reports indicating that type 1 pili bind to purified mucins.
In the case of enteropathogenic E. coli, adhesion to enterocytes is via an effacing adherence involving pedestal formation of the plasma cell membrane at points of bacterial attachments (51). Knutton et al. (26) have shown that the initial adherence for some enteropathogenic E. coli strains occurs by means of fimbriae, expressed as a result of a 60-megadalton plasmid (pMar2). They have proposed that optimal adhesion involves an initial attachment to microvilli via plasmid-encoded fimbriae and focal destruction of microvilli, followed by effacement and intimate attachment to the enterocyte pedestal. A similar process (and a 60-megadalton plasmid) has been described by Karch et al. (24) for 13 fimbriated strains of enterohemorrhagic E. coli of serotype 0157:H7. The latter are recently recognized human pathogens associated with outbreaks of hemorrhagic colitis (HC) and with hemolytic uremic syndrome (HUS) (22, 25, 31, 37, 43, 49) . Earlier studies have shown that these organisms are not enteroinvasive and do not produce heat-labile or heatstable enterotoxins (53) . However, they do produce high levels of Shiga-like toxins I and II, which are lethal to Vero cells and HeLa cells, and are capable of causing colonic and renal lesions when injected into mice or administered intragastrically. Thus, Shiga-like toxins are assumed to play an important role in pathogenesis (53) . It is assumed that adherence of E. coli 0157:H7 to intestinal cell surfaces may normally facilitate delivery of the elaborated toxins to enterocytes, since effacing adherence of these organisms to rabbit enterocytes and epithelial cells in culture was observed by Sherman et al. (47, 49) . Several of the strains used in those studies have been made available to our laboratory so that we could measure their interactions with intestinal mucins.
Our goals were to determine whether strains of E. coli 0157:H7 bound to mucin by a selective or specific process and, if so, whether characterization of the binding process would enhance our knowledge of either the bacterial adhesins or mucin structure and function. In this report we show that one strain of E. coli serotype 0157:H7 (designated CL-49) expressed type 1 (14, 32, 54) . Other mucins used in this study, which were purified by the same methods, included pig gastric mucin, rabbit small intestinal mucin, human colonic mucin, and a sialic acid-free subfraction of human small intestinal mucin (neutral mucin [54] Hydrophobicity tests. Hydrophobicity of bacteria was measured by the salt aggregation test of Lindahl et al. (30) with the use of ammonium sulfate (0.2 to 4.0 M) at pH 6.8, by hydrophobic interaction chromatography on octyl Sepharose CL-4B (50) , and by adhesion to polystyrene (44) .
Isolation of pili. Type 1 pili were purified from three isolates of E. coli by the method of Dodd and Eisenstein (7) . After hydrolysis in 6 subsequent binding assays were performed on mucin-bacterial incubations that were held at 37°C for 2 h at pH 6.5.
The binding process was saturable (Fig. 1) , as was shown by adding progressively higher concentrations of E. coli CL-49 bacteria to mucin-coated wells, suggesting that there was a finite number of specific receptor sites on the mucin available for bacterial attachment.
Role of hydrophobic associations. Since type 1 pilus-mediated attachment to mucosal cell surfaces is enhanced by the presence of a hydrophobic "pocket" near the adhesinbinding sites (16, 19, 51) , we measured E. coli CL-49 binding to mucin in the presence of p-nitrophenol, an agent that interferes with hydrophobic associations (16). Table 2 shows that only at high concentrations (10-4 to 10-2 M) did p-nitrophenol inhibit binding, although this agent had no effect on bacterial viability. Higher concentrations of pnitrophenol could not be used because of its poor solubility. In typical type 1 pilus-mediated binding to cells, such as that seen for uropathogenic E. coli (16) , bacterial attachment can be inhibited by much lower concentrations (10-8 M) of p-nitrophenol. Our findings suggest, therefore, that hydrophobic binding of E. coli CL-49 to mucin may be much stronger than that which is normally operative between type 1 pili of E. coli and mucosal membranes.
In separate experiments (data not shown) we used tetramethylurea, a potent disrupting agent of hydrophobic associations, and found that concentrations of 0.18, 0.36, and 0.72 M caused 63, 92, and 97% inhibition, respectively, of bacterial binding to mucin. These findings confirmed the importance of hydrophobic interactions in E. coli CL-49 binding to mucin.
Heat treatment of E. coli CL-49 bacteria. Since some adhesins can be released from bacterial surfaces by heat without destroying bacterial viability (34), we tested the effects of brief heating of CL-49 suspensions on subsequent viability, MS HA, and binding to rat mucin. Table 3 shows that treatment at 60°C for periods up to 120 s caused a significant decrease in binding and that this was correlated with a decrease in MS HA, without a significant decrease in viability. With methyl-ot-mannoside, p-nitrophenyl-ct-mannoside was only seven times more potent as an inhibitor. In other systems, the latter was 30 to 50 times more potent than the former (20) . (ii) Man-ot-1,2-mannose and Man-ot-1,3-mannose were as effective in causing inhibition as p-nitrophenyl mannoside was in our experiments, whereas in the interaction of type 1 pili with yeast cells, Man-oa-1,2-Man and Man-ox-1,3-Man were reported to be very weak inhibitors (20) 
. (iii) Although
Man-oa-1,3-Man-P-1,4-GlcNAc was the most potent inhibitor, it was only 15 times more effective than methyl-otmannoside, whereas in studies of binding of type 1 pili to yeast cells, this trisaccharide was reported to be 21 times more effective than methyl-3-mannoside (20) .
Effect of antibody to type 1 pili. An antibody specific for type 1 pili of the rabbit enteropathogen RDEC-1 (1:100 dilution) was incubated with E. coli CL-49 for 1 h at 37°C. The mixture was added to BSA-or mucin-coated wells, and bacterial binding was determined. Unlike control bacteria (incubated for 1 h with PBS), which bound to the mucin, the binding by antibody-treated bacteria was negligible (inhibition, 97%). These findings further strengthened the conclusion that type 1 pili on E. coli CL-49 are responsible for attachment of the bacteria to intestinal mucin. An antibody specific for rat mucin, on the other hand, had no effect on bacterial binding, from which we assume that the antibody does not cover mucin receptor sites.
Comparison (Table 2) , and therefore, a comparison of the hydrophobic properties of several strains of bacteria was made ( (ii) Hapten inhibition. Purified pili were preincubated in mucin-coated wells for 2 h at 37°C, and after washing, the binding of 3H-labeled E. coli CL-49 was tested. As shown in Fig. 2 (6, 12, 16, (18) (19) (20) 36) .
Despite this evidence supporting the involvement of type 1 pili in the binding process, minor differences in the sugar specificity profile were noted when CL-49 pilus-mediated binding was compared with other type 1 pilus-mediated binding reactions (see Results). These differences suggest that, in addition to the marked hydrophobicities of the pili of E. coli CL-49, their binding sugar specificities may be somewhat atypical, and these differences may be enough to confer a binding affinity for N-linked mannosyl oligosaccharides of mucin.
The functional significance of hydrophobicity in the adhesins of E. coli has been discussed by several investigators. In general, type 1 (MS) pili are hydrophobic and most E. coli strains can express type 1 (MS) pili (22) . Hydrophobicity usually correlates with infectivity in vivo (1, 3) . Since mucins directly overlie mucosal surfaces, binding of pathogenic E. coli to intestinal surface mucin in vivo either may be protective for the host or, alternatively, may enhance colonization and allow toxins to be delivered at a high concentration to the underlying mucosa (56) . Of (15, 32) . This region is also more enriched in hydrophobic amino acids than are the higher-molecular-mass glycoproteins that constitute the bulk of mucin macromolecules. Therefore, the 118-kilodalton glycopeptide seems to be the likeliest candidate for receptor activity. 
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